Page 42, line 7, Fig. 1 legend: " The length of the mature VWF dimer is 120 nm is from". Two "is" in the sentence. The paper by Zhou et al uses negative stain electron microscopy to study the domain architecture of von Willebrand factor (VWF). VWF is a hemostatic protein that promotes binding of platelets following vascular injury. VWF is synthesized in endothelial cells where it is stored in specialized secretable organelles termed Weibel-Palade bodies. VWF is packaged into helical tubules in these organelles. Following their release VWF tubules unfurl and VWF polymers are rapidly released into the vascular lumen. It has been very well established that the amino-terminal domains (D1-D3) of VWF mediate the assembly of VWF into tubules TGN. Less is known about the role of the carboxyterminal domains in this process. This study discloses that carboxy-terminal domains are organized in stem-like dimeric structures. Evidence is presented that the domains A1, A2, A3 and D4 are placed in an orderly fashion on top of this stem structure.
The results presented in this study are novel and interesting since it increases our insight into the assembly and disassembly of proteins into ordered macromolecular structures. The manuscript is well written and the experiments have been carefully performed.
Minor comments:
On page 13 it is mentioned that the "end of the stem, which corresponds to the CK domain dimer, projected laterally like an upside-down tee or base". No actual evidence is presented in the manuscript that the "inverted tee" corresponds to the CK-domain. This would require expression of isolated CK domain or alternatively a VWF variant lacking the CK domain. Assignment of domains to the structures observed by EM should preferably be based on mutagenesis approaches as nicely performed for the domains D4, A3, A2 and A1.
The discussion emphasizes the assembly of VWF polymers into helical tubules during formation of Weibel-Palade bodies. Following exocytosis of these organelles VWF tubules are rapidly converted into string-like structures on the surface of endothelial cells. The potential implications of the findings reported in this manuscript for the assembly of VWF strings on the surface of endothelial cells can perhaps be included in the discussion of the manuscript.
The helical organization of VWF tubules can perhaps be visualized in Figures 1 and 6 to better emphasize the contribution of the carboxyl-terminal stem loop to the formation of helical tubules. A simplified version of both figures would probably help to convey the message of these figures to the non-expert reader.
VWF variants used in this study are produced in N-acetylglucosaminyltransferase I-deficient HEK293 cells. Consequently, VWF fragments studied lack complex N-linked sugars. The authors are encouraged to discuss whether the absence of complex N-linked sugars affects the domain organization of VWF as proposed in this study.
Referee #3:
von Willebrand factor (VWF) forms long oligomers that on secretion function in hemostasis. An important recent finding was that VWF tubules stored in Weibel-Palade bodies are helices that can form from the N-terminal domains of VWF at low pH and calcium. This well-written manuscript now combines negative stain electron microscopy and image analysis to show for the first time that the C-terminal 1500 residues of VWF also adopt a specific structure at low pH with consequences for VWF biology. The authors combine images of overlapping fragments of VWF with biophysical characterization (gel filtration, light scattering). Specifically, they show that the dimeric C-terminus zips up into a structure they identify as a "bouquet" at the low pH that is found in the TGN and in Weibel-Palade bodies during VWF packaging. Most importantly, the authors provide a clear molecular interpretation of the structure in terms of VWF domains. The overlapping segment strategy proves to be very powerful, and the study identifies the location of D4, A1, A2, A3 and V8 to domains close to the C-terminus. As an example, the comparison of the number of "flowers" in the A3-CK compared to the D4-CK fragments provides clear domain interpretation of the remarkable fine structure in the images and image sums. The image analysis is very clear as shown in Figure S1 and supported by thorough biochemistry. The bouquet structure is likely required to prevent disulfide cross-links within a VWF dimer or between VWF tubules. The consequences of the model are well argued and extend to a wider class of proteins including mucins. The manuscript describes a successful approach to understanding a complex molecular system and will be of interest to a wide readership including structural and cell biologists.
The following minor points could be addressed: 1. On p.22 the authors state that "Dimeric bouquets will also help to position the D'D3 domains within a dimer for appropriate helical assembly." This may be true, but the experiments of Michaux et al. 2006 suggest that constructs lacking the bouquet region form normal Weibel-Palade bodies and presumably normal helices. 2. I don't see support in the paper or elsewhere for unfurling occurring at the ends of tubules. I think the associated small paragraph (pp.25-26) is too speculative and not essential for the main findings of the paper. 3. Partial zipping of the V8 fragment is shown at pH 6.2, but images at neutral pH are not shown to support a structural transition. 4. While the term "bouquet" is informative, the use of "raceme" was less clear, but this is up to the authors. 5. The description on p.9 of the oligomeric state of constructs with or without D1D2 should be expanded for clarity. Referee #1:
This manuscript describes previously uncharacterized pH-dependent conformational changes in VWF that affect C-terminal domains from A2 through CK, visualized mainly by negative stain EM. At pH 6.2 and lower, these regions zip up into a relatively rigid dimeric C-terminal stem with an Nterminal raceme. At neutral pH, these segments do not associate strongly and the N-terminal raceme does not form. These very striking results nicely complement studies of N-terminal D1-D3 domains, which reversibly assemble into 25 nm helical tubules at low pH. The combination of these findings suggests a relatively complete model for the processes of pH-dependent VWF multimer assembly, packing in Weibel-Palade bodies, and unpacking upon secretion. The data are elegant and convincing. The manuscript is very well written and should appeal to a broad range of readers.
Very few comments, none substantive: Page 4, line 10: change "domains in the C-terminal two-thirds of mature VWF <b>remains</b>..." to "domains in the C-terminal two-thirds of mature VWF <b>remain</b>..." Re: corrected.
Page 9, last paragraph, line 1: "A3-CK dimer has a mass of 250,000 Da". Page 10, last paragraph and Fig. 2A : the paper describes "no effect of Ca2+ on zipping up of A3-CK dimers". This conclusion is based on good but indirect evidence -Stokes radius determined by gel filtration chromatography -rather than visualization by EM. I believe that all EM images at pH 6.2 (Fig. 2E, Fig. 3B and 3E, Fig. 4A , E-H, Fig. 5H ) were obtained in the presence of 10 mM Ca2+. The authors might rephrase the statement accordingly.
Re: We have added "as shown by Stokes radius."
Page 18, lines 6-8: "Previous EM work had shown globules in the N-terminal and a smaller globule in the C-terminal end of VWF, but not the number, spacing between, or fine structure of the globule." The sentence is difficult to parse and should be revised.
Re: corrected.
Page 42, line 7, Fig. 1 legend: " The length of the mature VWF dimer is 120 nm is from". Two "is" in the sentence. Re: corrected. The results presented in this study are novel and interesting since it increases our insight into the assembly and disassembly of proteins into ordered macromolecluar structures. The manuscript is well written and the experiments have been carefully performed.
Minor comments:
Re: We have evidence for this assignment from the similar density at the disulfide-linked junction between monomers in unzipped dimers, as now mentioned. Deletion of the CK domain is not feasible as this prevents dimer formation; furthermore, it is not necessary. Deletion of the N-terminal domains was sufficient to establish which is the N-terminal and which is the C-terminal end of dimeric bouquets.
The discussion emphasizes the assembly of VWF polymers into helical tubules during formation of Weibel-Palade bodies. Following exocytosis of these organelles VWF tubules are rapidly converted into string-like structures on the surface of endothelial cells. The potential implications of the findings reported in this manuscript for the assembly of VWF strings on the surface of endothelial cells can perhaps be included in the discussion of the manuscript. Re: Due to the space limit, we are focusing on assembly in this manuscript, and secretion is briefly discussed in page 25 and Fig .6D . The implications for string assembly are included in a review.
Re: Revised panels B-E that include helices are shown in Fig. 6 . Helices are also added to Fig. 1D .
VWF variants used in this study are produced in N-acetylglucosaminyltransferase I-deficient HEK293 cells. Consequently, VWF fragments studied lack complex N-linked sugars. The authors are encouraged to discuss whether the absence of complex N-linked sugars affects the domain organization of VWF as proposed in this study. von Willebrand factor (VWF) forms long oligomers that on secretion function in hemostasis. An important recent finding was that VWF tubules stored in Weibel-Palade bodies are helices that can form from the N-terminal domains of VWF at low pH and calcium. This well-written manuscript now combines negative stain electron microscopy and image analysis to show for the first time that the Cterminal 1500 residues of VWF also adopt a specific structure at low pH with consequences for VWF biology. The authors combine images of overlapping fragments of VWF with biophysical characterization (gel filtration, light scattering). Specifically, they show that the dimeric C-terminus zips up into a structure they identify as a "bouquet" at the low pH that is found in the TGN and in Weibel-Palade bodies during VWF packaging. Most importantly, the authors provide a clear molecular interpretation of the structure in terms of VWF domains. The overlapping segment strategy proves to be very powerful, and the study identifies the location of D4, A1, A2, A3 and V 8 to domains close to the C-terminus. As an example, the comparison of the number of "flowers" in the A3-CK compared to the D4-CK fragments provides clear domain interpretation of the remarkable fine structure in the images and image sums. The image analysis is very clear as shown in Figure S1 and supported by thorough biochemistry. The bouquet structure is likely required to prevent disulfide cross-links within a VWF dimer or between VWF tubules. The consequences of the model are well argued and extend to a wider class of proteins including mucins. The manuscript describes a successful approach to understanding a complex molecular system and will be of interest to a wide readership including structural and cell biologists.
The following minor points could be addressed: 
